We observe a significant increase in InSb quantum-well mobility when remote doping of Al 0.09 In 0.91 Sb barriers is accomplished by three layers, rather than one layer, of Si ␦ doping. At 7 K, the electron mobility in single quantum-well structures grown on GaAs substrates is as high as 280 000 cm 2 /V s with an electron density of 2.33ϫ10 11 cm
I. INTRODUCTION
The small band gap of InSb results in the highest intrinsic electron mobility, smallest effective mass, and largest electron g factor among all binary III-V semiconductors. These unique characteristics make electron systems in InSb attractive, not only for low-temperature transport studies, 1,2 but also for device applications such as high-speed transistors 3 and sensitive magnetoresistors. 4 However, the lack of ideal substrate and barrier materials for InSb makes fabrication of a high-quality two-dimensional electron gas ͑2DEG͒ challenging.
Recently, we reported high-mobility 2DEGs in remotely doped InSb quantum wells with Al 0.09 In 0.91 Sb barriers on GaAs substrates. The lattice mismatch between the well and barrier layers is Ϸ0.5%. Our multiple quantum-well structures, with thick buffer layers to accommodate the large lattice mismatch (ϳ14%) between the substrate and epilayers, have the highest room-temperature mobility (ϳ41 000 cm 2 /V s͒ ever reported for semiconductor quantum wells. However, this value is still significantly lower than the ϳ60 000 cm 2 /V s that others [5] [6] [7] and we observe in undoped InSb layers on GaAs substrates. In this article, we focus on two scattering sources that limit the mobility in our quantumwell structures: remote ionized donors and dislocations. Characterization of these factors is an important step toward reaching the intrinsic mobility of InSb in quantum-well structures.
II. EXPERIMENT
The layer sequence for all Al x In 1Ϫx Sb/InSb quantum-well structures in this study is shown in Fig. 1 . All growths were performed in an Intevac Gen II molecular beam epitaxy system using procedures similar to those reported previously. 8 12 cm Ϫ2 electrons for surface states. Hall effect measurements at magnetic fields up to 0.25 T and temperatures between 7 and 300 K were performed on 5ϫ5 mm samples using a closed-cycle He refrigerator with a resistive heater. Electrical contact was made at each corner of the sample by alloying In at ϳ230°C in a H 2 (20%)/N 2 ͑80%͒ atmosphere for 5 min. Ohmic contact was verified through observation of linear current-voltage characteristics.
The atomic force microscopy study was performed in air using a Topometrix atomic force microscope in noncontact phase mode. The high-resonant-frequency silicon tip had an aspect ratio of approximately 3:1 and a radius of curvature less than 200 Å.
III. RESULTS AND DISCUSSION
Two series of InSb/Al 0.09 In 0.91 Sb quantum-well structures were grown to see how electrical properties are affected by the proximity and density of ionized donors. The first series consists of seven samples with the same nominal structure except for the spacer thickness which is varied from d ϭ200 to 1000 Å. The net donor density of the two ␦-doped layers near the well is N 1 ϳ2ϫ10 11 cm
Ϫ2
. The second series consists of five samples that repeat structures from the first series except for a higher doping density in the two ␦-doped layers near the well (N 1 ϳ3.6ϫ10
11 cm
). The densities a͒ Corresponding author; electronic mail: chung@mail.nhn.ou.edu and mobilities of electrons in the well at 7 K are shown in Fig. 2 . Open circles represent the first series and filled circles represent the second series.
As shown in Fig. 2͑a͒ , the electron density in the first series increases from 1.84ϫ10 11 cm Ϫ2 to 3.45ϫ10 11 cm Ϫ2 as the spacer thickness is decreased from 1000 to 200 Å. To explain this dependence, a simple electrostatic model was used to calculate the expected electron density as a function of spacer thickness. The results of the calculation are shown as a solid line in Fig. 2͑a͒ . In this model, the Fermi energy in the doped layers is assumed fixed at the conduction band edge. Strain and the nonparabolic dispersion relation in the well are taken into account but the effects of band bending are ignored. The assumed InSb/Al 0.09 In 0.91 Sb conduction band offset is 60% of the band gap difference, an approximate value that agrees with optical measurements in InSb/ Al 0.09 In 0.91 Sb structures. 10 For comparison, results are also shown ͑dashed line͒ for a calculation using a conduction band offset of 55%.
The measured densities in the first series of samples ͑open circles͒ are increasingly overestimated by the calculation as d is decreased. Such behavior may result from a donor density that is not high enough to pin the Fermi level in the ␦-doped layer. In support of this interpretation, the second series of samples shows better agreement with the calculated values, although a discrepancy still exists between the observed and predicted data. This discrepancy may be reduced by a calculation that takes band bending into account and uses a more realistic value for the Fermi energy in the ␦-doped layer.
Scattering by ionized background impurities, remote ionized donors, rough interfaces, and dislocations are all known to affect the mobility of electrons in remotely doped quantum wells. Screening of scattering potentials and the population of a second subband can also be important at high electron densities. As shown in Fig. 2͑b͒ , the mobilities for samples in both series depend on d. Although the many factors that affect mobility make it difficult to draw strong conclusions, the data do follow a general trend that implies that remote dopant scattering is important. Nearly every sample in the first series ͑lower donor density͒ has a higher mobility than the corresponding sample with the same d in the second series ͑higher donor density͒. Moreover, the low-temperature mobilities for every sample in both series are higher than corresponding samples ͑not shown͒ with the same d in quantum-well structures with only a single high-density (ϳ2N 1 ϩN 2 ) ␦-doped layer. 8 The superiority of the samples with three ␦-doped layers can be attributed to the additional separation of the largest ionized donor scattering source, N 2 , from the well. A similar enhancement in mobility has been observed in GaAs/Al x Ga 1Ϫx As heterostructures with multiple ␦-doped layers. 11, 12 The data in Fig. 2͑b͒ show a variation in mobility even for samples with the same nominal structure and doping. This spread in mobility values suggests that there are one or more additional factors limiting electron mobility. To gain insight into additional mobility-limiting mechanisms, we characterized the sample surfaces using Nomarski optical microscopy and atomic force microscopy. Figures 3͑a͒ and 3͑b͒ show Nomarski images of two samples ͑both with dϭ600 Å͒ whose electron mobilities are 64 000 and 280 000 cm 2 /V s, respectively. In addition to an undulated surface morphology, there are square-mound features defined on all four sides by abrupt steps oriented in the ͓110͔ and ͓110͔ directions. The noncontact atomic force microscope image in Fig.  4 shows the square-mound features along with oriented abrupt steps and pyramidal features. 8 The heights of most of the square-mound features vary from ϳ50 to ϳ500 Å, while the typical edge length is ϳ5 m.
The defect density was measured for seven samples ͑the five with dϭ600 Å shown in Fig. 2 plus two additional lower-mobility pieces 13 ͒ with mobilities varying from 280 000 to 24 000 cm 2 /V s. The electron mobility as a function of abrupt-step density is shown in Fig. 5 . Since each square-mound feature consists of four abrupt steps, all square-mound features were counted as four abrupt steps. Figure 5 indicates a correlation between the density of the abrupt steps and the electron mobility in the well. Since the height of a square-mound feature is comparable to the width of the InSb well, a high density of these surface features will result in a low mobility as similarly abrupt steps are expected to exist at the InSb/Al x In 1Ϫx Sb interfaces. The dependence of the defect density on growth parameters and buffer layer composition is currently under investigation.
IV. CONCLUSIONS
In single quantum-well structures, we observe a significant improvement in the low-temperature mobility when the donors required for surface states are separated from those that provide electrons to the quantum well. The mobility also depends on the distance between the well and the ␦-doped layers in adjacent barriers. Correlation of surface defects with electron mobility implies that improvements in crystalline quality will lead to higher mobility. 
